Background. Color M-mode Doppler echocardiography provides accurate evaluation of LV diastolic function noninvasively and is reportedly preload independent compared with pulsed Doppler transmitral velocity indexes. This study aimed to determine the prognostic significance of left ventricular (LV) diastolic function in patients with different degrees of chronic LV systolic dysfunction using color M-mode Doppler echocardiography. Methods. A total of 98 consecutive subjects (mean age 57 years, 78 males) with LV systolic dysfunction (61 with previous myocardial infarction and 37 with dilated cardiomyopathy) underwent clinical and echocardiographic evaluation to determine functional status. Measurements of LV and left atrial dimensions, LV ejection fraction (EF), the peak of early and late diastolic transmitral velocities (E and A, respectively), the E/A ratio, deceleration time of E velocity and isovolumic relaxation time using conventional echo-Doppler techniques, and LV flow propagation velocity (FPV) and FPV/E using color M-mode Doppler echocardiography were taken.
Introduction
The long-term influence of left ventricular (LV) diastolic dysfunction on the clinical courses of patients with LV systolic dysfunction remains unclear, although the restrictive filling pattern (RFP) observed in the pulsed wave Doppler transmitral velocity curve has been reported to be related to the prognosis of patients with congestive heart failure. Analysis of pulsed Doppler transmitral flow velocity has been widely used to assess LV diastolic dysfunction [1, 2] . An abnormal relaxation pattern is characterized by a decreased early filling velocity to atrial filling velocity (E/A) ratio and an elongated deceleration time (DT) of early filling velocity. However, elevated left atrial pressure counteracts delayed ventricular relaxation to produce a pseudonormal pattern [3] [4] [5] , and further elevation of left atrial pressure is associated with RFP, characterized by an increased E/A ratio and a shortened DT [3] . RFP is usually seen in patients with severely damaged myocardium and is reported to be associated with unfavorable outcomes in patients with congestive heart failure [4] [5] [6] [7] [8] [9] [10] . This filling pattern, however, is not suitable to detect mild impairment of diastolic function. Thus, it remains difficult to predict the clinical courses of patients with a wide range of LV systolic dysfunction from the pulsed Doppler-derived LV diastolic indexes, especially when including patients with relatively mild systolic dysfunction.
Color M-mode Doppler echocardiography provides flow propagation velocity (FPV) of early diastolic filling flow, which has become an established tool to evaluate LV diastolic function [11] [12] [13] [14] [15] [16] [17] . It has been reported that FPV and its ratio to early transmitral filling velocity (FPV/E) are diastolic indexes that do not pseudonormalize and reflect well the time constant of LV pressure decay [14] . These color M-mode indexes may provide useful prognostic information over RFP, but their prognostic role in patients with chronic LV systolic dysfunction remains unclear. This study aimed to determine the prognostic significance of the assessment of LV diastolic function by color M-mode Doppler echocardiography in patients with chronic LV systolic dysfunction.
Methods

Study Subjects
Study patients were consecutively enrolled from the echocardiographic laboratory in Hokkaido University Hospital between April 1992 and December 1999. Patients eligible for the study were those with either symptomatic or asymptomatic LV systolic dysfunction caused by previous myocardial infarction and dilated cardiomyopathy with an echocardiographic LV ejection fraction (EF) 60% [14] . Patients were excluded when they had any of the following: age >80 years, atrial fibrillation, valvular stenosis, unstable angina pectoris, recent myocardial infarction within 1 month, chronic renal failure (serum creatinine level >2mg/dl), significant lung disease, cancer or other systemic diseases that might substantially shorten survival, and technically inadequate echocardiographic images. Ninetyeight patients met the criteria (mean age 57±12 years, 78 males). They consisted of 61 patients with previous myocardial infarction and 37 with idiopathic dilated cardiomyopathy. The study patients were subdivided into two groups according to the echocardiographic EF value of 0.35 [18, 19] , group I with severe LV systolic dysfunction (EF<0.35, 44 patients) and group II with mild dysfunction (EF≥0.35, 54 patients). Patient characteristics of the two groups are shown in Table 1 . The protocol was approved by the institution's research committee, and all enrolled patients gave written informed consent.
Echocardiography
Transthoracic echocardiography was performed using commercially available sector scanners (Aloka SSD 9000, Toshiba SSH380A, or Philips SONOS2500 or 5000) with 2.5-MHz transducers. Complete M-mode and two-dimensional echocardiography and Doppler ultrasound examinations were performed for all patients at the time of the entry visit in the standard manner. The LV end-diastolic dimension, thickness of the interventricular septum, LV posterior wall thickness, and left atrial diameter were measured from longaxis two-dimensional echocardiograms, and LV mass was calculated according to the method reported by Devereux et al [20] . The left ventricular EF was derived from apical two-and four-chamber views according to the modified Simpson's rule [21] .
Transmitral flow velocity tracings were obtained by pulsed wave Doppler echocardiography in the apical long-axis views, with the Doppler sample volume positioned at the level of the tips of the anterior mitral leaflet. We measured the peak early (E) and late (A) diastolic transmitral filling velocities, the E/A ratio and DT. Isovolumic relaxation time (IVRT) was measured from the apical continuous-wave Doppler recording. Patients were assigned to two groups according to the presence of restrictive and nonrestrictive diastolic filling patterns. The RFP was defined as an E/A ratio ≥2 or by the combination of an E/A ratio between 1 and 2 with a DT 140ms [10] .
A color M-mode Doppler image of the LV filling flow in early diastole was also obtained from the apical longaxis view ( Figure 1 ). The ultrasound beam interrogated from the apex of the heart toward the center of the mitral orifice as parallel to the filling flow as possible. The FPV of early diastolic filling flow was determined as the slope of the peak velocities of early diastolic filling flow on the color M-mode Doppler image, which we reported previously [14, 17] . By changing the first aliasing limit sequentially, a flow velocity higher than the aliasing velocity was displayed in blue within red filling flow signals. First, we located the point of the maximal velocity around the mitral orifice in early diastole, which was obtained at the center of the minimized aliasing area. Next, we changed the first aliasing limit to 70% of the maximal velocity and located the point nearest the apex on the aliasing boundary. The distance/time ratio, that is, the upward slope of the line connecting these two points, was measured and defined as the rate of propagation of peak early filling flow velocity. Doppler echocardiograms were recorded on a video with a sweep speed of 100 mm/s, and 5 consecutive cardiac cycles were analyzed to determine the FPV in each patient.
Follow-up
At the time of entry into the study, heart rate, blood pressure, and New York Heart Association (NYHA) functional status were determined for each patient. Patients were followed by review of hospital charts with physicians' office records, examination reports, postmortem results, and interviews with the physician, patients, and surviving relatives. The outcomes of the cardiovascular events were cardiac death or hospital-ization for heart failure, for ventricular tachycardia or for cardiogenic cerebral infarction. Cardiac death was defined as death attributable to congestive heart failure, myocardial infarction, cardiac arrest, or sudden death (i.e., death from circulatory failure occurring within the first hour after the onset of symptoms). Follow-up started from the echocardiographic examination and ended with a cardiovascular event or on the most recent date for event-free survivors. Only one event was considered in each patient, and any event occurring after the initial event was not considered. All of the medications during the follow-up period were investigated.
Statistical Analysis
Continuous data are expressed as the mean ± SD, and differences between groups were tested with the unpaired t test. Comparisons between groups of discrete variables were performed using the chi-square test. With regard to functional status, the patients were divided into two groups: those mildly impaired (NYHA functional class I or II) and those severely impaired (NYHA functional class III or IV). Event-free curves were generated and plotted using the Kaplan-Meier method. Comparisons of cardiovascular event rates between subgroups were tested with the log-rank test. Because FPV and FPV/E were continuous variables, we analyzed their contributions toward cardiovascular events by dividing them into two subgroups at their median value (32.0cm/sec for FPV, 0.50 for FPV/E). Univariate and multivariate Cox proportional hazards analyses were performed to identify independent predictors of outcome events. A stepwise selection procedure using the maximum partial likelihood ratio chi-square statistics (chi-square test) was employed to enter (<0.05 level) or to remove (>0.05 level) a covariate from the model. Results of these analyses are reported as hazard ratios. All tests were 2-sided, and p <0.05 was considered statistically significant. Statistical analysis was performed using SPSS for Windows version 11.0 (SPSS INC. Chicago, Illinois).
Results
During the mean follow-up period of 37.3±28.3 months (range, 1 to 98 months), 26 of the 98 patients had cardiovascular events, including death in 4 patients, congestive heart failure in 13, ventricular tachycardia in 6, and cerebral infarction in 3. Patients were taking a variety of medications, including betaadrenoreceptor blockers (49 patients), digitalis (25 patients), diuretic agents (43 patients), angiotensinconverting enzyme inhibitors (42 patients), calcium channel blockers (39 patients), nitrates (64 patients), antiplatelet agents (15 patients), and angiotensin receptor blockers (15 patients). Table 2 lists the results of comparison of clinical and echocardiographic parameters at the initial examination between patients with and without cardiovascular events. The gender distribution, age, systolic blood pressure, and heart rate were similar in the two groups. Patients with cardiovascular events were more symptomatic according to the classification of the NYHA functional status and had greater LV enddiastolic and left atrial dimensions, a greater LV mass, and a lower EF. Patients with cardiovascular events more frequently had RFP than those without, but there were no significant differences in the other transmitral flow parameters, such as E, A, E/A, DT, and IVRT between the two groups. Patients with cardiovascular events showed a smaller FPV value than those without. Kaplan-Meier event-free curves for EF, RFP, FPV, and FPV/E are shown in Figure 2 . The cumulative cardiovascular event rate was significantly greater in group I with EF <35% (20/40) than in group II with EF ≥35% (6/54, p <0.001). The patients with RFP had cardiovascular events (9/20) more frequently than those without (17/78, p=0.003). When the patients were divided into 2 groups by the median value of FPV, the cumulative cardiovascular event rate was greater in the patients with FPV <32cm/sec (17/46) than in those with FPV ≥32cm/sec (9/52, p=0.011). In the case with FPV/E, the patients with FPV/E <0.50 (18/49) had a greater incidence of cardiovascular events than those with FPV/E ≥0.50 (8/49, p=0.003).
Predictors of the occurrence of cardiovascular events were assessed by Cox proportional hazards analysis ( Table 3 ). In the univariate model, systolic blood pressure, NYHA functional status, the LV enddiastolic diameter, the LV mass, the left atrial diameter, RFP, FPV, FPV/E, and EF were found to be predictors of an adverse outcome. In the multivariate model, at the end of the Cox stepwise selection procedure, only EF was selected as an independent predictor of cardiovascular events (hazard ratio 0.94; p <0.0001).
The univariate model analysis was also performed in each of the 2 groups divided by the EF value (Table 4 ). In group I with EF<0.35, the NYHA functional status was selected as the single significant predictor of cardiovascular events. RFP had the second best chisquare value behind functional status, but the p-value for RFP was slightly greater than 0.05. In group II with EF ≥0.35, FPV/E was the single significant predictor of cardiovascular events, while the chi-square value for RFP was too low to be a predictor of prognosis in this group.
Kaplan-Meier event-free curves for group I and group II are shown in Figure 3 . When the patients were divided further into two subgroups at the median value of each FPV/E (at 0.45 in group I and 0.58 in group II, respectively), the cardiovascular event-free rate was not significantly different between the two subgroups in group I. In group II, the cumulative 98month event-free rate was 100% in the subgroup of FPV/E ≥0.58 and was significantly greater than that in the subgroup of FPV <0.58 (31.3%, p=0.003).
Discussion
It has not been clearly established how diastolic dysfunction influences the prognosis of patients with chronic systolic dysfunction. In this study, LVEF was the strongest predictor of cardiovascular events in the whole group of study patients, and the functional status was the single significant predictor in the subgroup of patients with severe LV systolic dysfunction with EF <0.35. On the other hand, in patients with mild LV systolic dysfunction with EF ≥0.35, a color M-mode- derived diastolic index, FPV/E, was the single best predictor of cardiovascular events, and the patients with FPV/E <0.58 had a higher incidence of adverse events than those with FPV/E ≥0.58 within this subgroup. These results suggest that LV diastolic function is a major factor determining the clinical outcome of patients with mildly impaired LV systolic function and also indicate the clinical value of the color M-mode Doppler index as a prognostic predictor in these patients. Doppler-derived transmitral flow parameters have been most frequently used to evaluate LV diastolic function. Several studies have pointed out that the presence of RFP, that is, high E, low A, and short DT, is closely related to a poor prognosis in patients with LV systolic dysfunction and congestive heart failure [6] [7] [8] [9] [10] . Consistent with previous reports, a significant relationship between RFP and cardiovascular events was observed by the univariate Cox model analysis in the present study. However, probably because this study included patients with relatively mild systolic dysfunction, RFP dropped out of the multivariate model through the stepwise selection procedure, and we finally found that EF was the single independent prognostic indicator of cardiovascular events. Moreover, when patients were stratified into two groups by the EF value of 0.35, we could not find any relationship between RFP and cardiovascular events by the univariate model analysis in either subgroup.
It is generally believed that, in the process of LV myocardial impairment, diastolic dysfunction occurs solely or before systolic dysfunction [22] . There is increasing evidence that a large fraction of patients with chronic heart failure have preserved systolic function as judged by resting EF [23] . Epidemiological studies have further confirmed that nearly half of congestive heart failure subjects in the community have normal LV systolic function [24] [25] [26] [27] . Furthermore, it is theoretically valid, considering the pressure-volume loops, that virtually all patients with heart failure have abnormalities in diastolic function, both those with a normal EF and those with a decreased EF [28] . In cases with predominant systolic dysfunction, diastolic dysfunction only plays a supplementary part of the heart failure. On the other hand, at an earlier stage of myocardial damage, diastolic dysfunction may be predominant over systolic dysfunction.
As has been widely recognized, transmitral Doppler filling indexes present a bimodal distribution in the course from normal to impaired diastolic function and finally to more advanced diastolic dysfunction with heart failure [11] . Progressive elevation in left atrial pressure counteracts the effect of diastolic dysfunction on the flow pattern and changes it from an impaired relaxation pattern to pseudonormalization and finally to RFP. The RFP is usually seen in patients with an advanced form of myocardial disease [3] . The failure of RFP to predict prognosis in patients with mild LV systolic dysfunction can be explained by the inability to detect such mild impairment of LV relaxation.
On the other hand, FPV and FPV/E have been shown to be closely related to invasive measures of relaxation (time constant of isovolumic relaxation time, tau) [14] . The primary mechanism of FPV may be the suction force generated by intraventricular pressure gradients during early diastolic filling. By this suction force, a flow propagates within the left ventricle, and the velocity measured as the slope of the color wavefront on the color M-mode is FPV [11] . In the normal ventricle, the early filling wave propagates rapidly from the mitral tip toward the apex. In the diseased ventricle with impaired relaxation, however, a reduced suction force produces a lower value of FPV. FPV and FPV/E may reflect LV diastolic properties more directly than transmitral filling indexes and detect diastolic dysfunction in patients with lower left atrial pressure.
Only a few studies have investigated the usefulness of FPV as a prognostic indicator in cardiovascular disorders. Moller et al performed pulsed Doppler and color M-mode Doppler echocardiography for patients with acute myocardial infarction and demonstrated that the prognosis was worse in patients with pseudonormal or restrictive filling patterns, which were defined based on DT and FPV values [29] . In another study, Moller et al showed that E/FPV was a strong predictor of in-hospital heart failure in the acute phase of first myocardial infarction [30] . However, there has not been sufficient information on the relationship between these indexes and the prognosis of patients with chronic LV systolic dysfunction. The present study is the first report showing the usefulness of color M-mode Doppler-derived diastolic indexes for predicting the clinical outcomes of the patients with chronic LV systolic dysfunction.
In this study, while FPV/E was shown to be the single best predictor of cardiovascular events in the subgroup of patients with mildly impaired LV systolic function, FPV did not have any significant relation with car-diovascular events by the Cox proportional hazards model analysis. In several previous studies using animals and humans, FPV has been demonstrated to be relatively independent of changes in preload compared to the transmitral flow parameters [14 ,15, 31, 32] . However, a recent study has provided evidence that FPV may be influenced by preload to some degree [33] . The peak early diastolic transmitral filling velocity represents the initial velocity of the flow used for measuring FPV and may be theoretically suitable for correcting FPV by minimizing the influence of the very fast initial velocity on FPV. This might be the reason why FPV/E was a more powerful prognostic indicator than FPV in this study.
Limitations of the study
In this study only 4 deaths occurred during the follow-up period, probably because our study subjects included many patients with only mildly impaired LV myocardium. Thus, it was difficult to analyze the mortality rate of the patients. Although the outcome rate was satisfactory to calculate risk profiles for cardiovascular events, further study is needed to determine the influence of diastolic dysfunction on long-term life expectancy. Some of the cardiovascular events might be caused by myocardial ischemia, although clinically evident ischemic events were excluded. In addition, the present study was a retrospective cohort analysis and was prone to the inherent limitations of such studies. The treatment, in particular, was not controlled, and it was impossible to analyze the influence of an individual therapy on the results of this study.
Conclusions
FPV/E, a noninvasive diastolic parameter derived from color M-mode Doppler echocardiography, is a useful predictor of clinical outcomes of patients in the early stage of chronic LV systolic dysfunction. Because LV diastolic dysfunction is presumed to precede systolic dysfunction, the evaluation of diastolic function will contribute to appropriate recognition of mild systolic dysfunction with significant myocardial damage and an early prediction of prognosis prior to the manifestation of more advanced myocardial damage with obvious systolic dysfunction. A FPV/E value of less than 0.58 can be used as a marker indicating poorer prognosis among patients with mild LV systolic dysfunction whose EF is still 0.35 or more.
